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Background: Due to the available volumes, biogenic residues are a promising resource for renewable fuels for
passenger cars to reduce greenhouse gas (GHG) emissions. In this study, we compare three fuels from forest
residues under German framework conditions: biogenic electricity, substitute natural gas (SNG), and Fischer-Tropsch
(FT) diesel.
Methods: Fuels from forest residues are compared with regard to their technical efficiency (here defined as ‘pkm
per kg biomass’), costs, and environmental impacts with a focus on GHG emissions. We took into consideration the
real-life driving conditions and corresponding car classes as well as market penetration scenarios for electric and
gaseous fuel cars.
Results: Our results show that the technical efficiency of biogenic electricity is high, while the economic and
environmental results strongly depend on the car size and market penetration assumptions. Furthermore, it is
essential to clearly define the main goal of introducing fuels from forest residues. If the goal is to reduce GHG
emissions at the lowest cost, SNG (and natural gas) in bigger cars is preferable. For high GHG reductions at the
lowest forest residue consumption, biogenic electricity in smaller commuter-type cars are found to be a good
solution. This also proves true for the aggregated environmental impact score ReCiPe Total.
Conclusions: It is important to include mobility patterns and a clear goal definition when comparing biogenic
fuels. In Germany, biogenic electricity, SNG, and FT diesel can reduce GHG emissions at reduction costs of around
100 €/t CO2-Eq when used the right way.
Keywords: Biogenic fuels; Passenger cars; Environmental impacts; Greenhouse gas emissions; Fuel life cycle;
Car life cycleBackground
Conventional fuels for passenger cars originating from
crude oil or natural gas, such as gasoline, diesel, and
compressed natural gas (CNG) have several drawbacks.
First, the greenhouse gas (GHG) emissions resulting
from their combustion contribute to global warming;
around ¼ of the GHG emissions in Europe are caused
by the transport sector, including passenger cars [1].
Furthermore, crude oil and natural gas are not only fi-
nite resources but must also be imported. Facing these* Correspondence: oliver.hurtig@zoho.com
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in any medium, provided the original work is pchallenges, research is being undertaken to identify alter-
native fuels and to develop new engine technologies that
can replace them as primary energy sources for passen-
ger car fuels. One possibility to produce such alternative
fuels is to use biogenic residues as an energy source.
Among these, forest residues represent the largest bio-
mass volume available for energy purposes [2].
In addition to the environmental effects, strategies to
reduce GHG emissions in the long term must also con-
sider technical and economic aspects. From a consu-
mer's point of view, a new fuel/propulsion system will
only be interesting if its driving parameters (acceleration,
range, etc.) will be comparable to those of existing alter-
natives at a reasonable price. From a political point ofn Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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low costs. Without alternative fuels, substantial emission
reductions will be hard to achieve for Germany.
We therefore assess the most efficient way to use fuels
from forest residues for passenger cars under technical,
economic, and environmental aspects for German frame-
work conditions. These framework conditions include
German and European legislation like the Renewable
Energy Directive (2009/28/EC) as well as driving habits
and economic situation. Three fuels are compared: bio-
genic electricity, substitute natural gas (SNG), and Fischer-
Tropsch (FT) diesel. The three renewable fuels can replace
their fossil equivalents (electricity, CNG, and diesel) with-
out any modification of the propulsion technology of
the car.
All fuels are compared to diesel as reference fuel to
determine their technical and economic efficiency in re-
ducing GHG emissions. Diesel is chosen as a reference
because it has a high market share in Germany and gen-
erally has lower GHG emissions than gasoline [3].
We put an emphasis on driving patterns, car types,
and driving cycles to establish realistic use cases for dif-
ferent car users.
Methods
This paper is based on a detailed model that integrates
technical parameters, costs, GHG emissions, and other
environmental impacts over the whole well-to-wheel chain
and the car life cycle and allows the techno-economic and
environmental assessment presented in Figure 1 to be per-
formed. Subsections ‘Fuel choice and system boundaries’
to ‘Cost-effectiveness analysis: GHG mitigation costs’ ex-
plain the methods and their application in the presented
model in more detail.
Fuel choice and system boundaries
Figure 2 gives an overview of the system studied includ-
ing the fuel production chains and the use phase. AllTechno-economic and env
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Figure 1 Schematic of the underlying methods.three fuels are produced from the same forest residue
stock via combustion or via a combination of gasifica-
tion, methanation, FT synthesis, and conditioning steps.
The fuels are distributed to filling stations or power
outlets and stored in a car adapted for the fuel. The
car uses the fuel to drive one passenger kilometer
(pkm, the equivalent of driving one passenger over
the distance of one kilometer). Production, mainten-
ance, and end of life of each technology-especially of
the cars, but also of the fuel production plants - are
included in the systems analysis as well (this is not
explicitly shown in Figure 2).
Each car - electric, gaseous fuel, and diesel - can also
be powered by a fossil reference fuel: electricity from the
German production mix (called ‘electricity mix’ from
here on), natural gas, or diesel. Diesel is used as a refer-
ence for the biogenic fuels. Electricity mix and natural
gas are often discussed as alternative fuels and are there-
fore included in the study to show their performances.
Nevertheless, they are not the focus of the study.
Driving cycles and mobility patterns
Most comparisons of alternative fuels and propulsion
systems are based on generic cars in combination with
common driving cycles (like the New European Driving
Cycle) although it has been shown that the choice of
cars and driving cycles has an important influence on
costs and emissions [4] and, therefore, on the outcome
of the assessment. Differences between driving cycles can
easily amount to 20% of fuel consumption and tailpipe
emissions [5] and can differ largely for different fuels. This
is why the ARTEMIS driving cycle has been used in the
model.
Two different mobility patterns have been extracted
from the literature and used for the model. The require-
ments for each pattern were used to define a characteris-
tic car and a driving pattern consisting of a speed
profile, the yearly driven distance, and occupancy rate.ironmental assessment
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Figure 2 Fuel chains of biogenic electricity, SNG, and FT diesel from forest residues and their fossil reference fuels.
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For prospective analyses, it is important to consider fu-
ture developments and to compare the alternatives for
future points in time. This way, technologies that are
not yet available on the market can be compared more
equitably with already established technologies by tak-
ing into account learning curves and technological
progress. Furthermore, scientific policy advice aims at
supporting policy decisions affecting the future. There-
fore, one car life cycle for a car purchased in the year 2020
is analyzed.
For the cars, emerging markets are analyzed. For each
fuel, the acquisition (and therefore construction) of a
new car adapted for that fuel is considered in the model.
A scenario for equilibrium markets (only replacement of
the fuel, without car life cycle) can be found in [6].
The scenario methodology (for details, see, e.g., [7]) helps
to cope with uncertainties arising from the comparison in
the future by modeling different possible developments.Table 1 Assumed worldwide production of electric, gaseous f
Worldwide car production, in million cars/year Business as usual (B
Electric cars 1.0
Gaseous fuel cars 1.8
Diesel cars 29.0
Total cars 78.0
aBased on [8-10].We defined three scenarios: business as usual (B), gas
age (G), and e-mobility age (E). Based on the assumed
number of worldwidea produced cars with the three
propulsion technologies shown in Table 1, the car param-
eters (vehicle costs, fuel consumption, etc.) are adapted
via literature research and learning curves to build a
coherent scenario. Additional information is given in
Tables 2 and 3, and in the subsection ‘Economic ana-
lysis’ in Additional file 1.
Cost calculation
Costs as a decisive factor for investment decisions can
best be compared as total costs of ownership (TCO) for
the consumer (for a detailed discussion, see [54]).
Most of the analyzed technologies are not imple-
mented on large scale at the time of this analysis. There-
fore, significant economies of scale can be expected up
to the year 2020, meaning that the costs of new cars
tend to get lower when they are produced in largeruel, and diesel cars in the year 2020
) Gas age (G) E-mobility age (E) As comparison: 2011a
1.0 4.1 < 0.1
6.0 1.8 Approximately 2.6
29.0 29.0 Approximately 19.0
78.0 78.0 Approximately 59.9
Table 2 Technical, economic, and environmental parameters and impacts of fuel production
Biogenic elec. Elec. mix (fossil) SNG CNG (fossil) FT diesel Diesel (fossil)
2020 scenarioa G B,E B E,G
Technical, biomass per kWh fuel [kg50% dry matter/kWhfuel, at tank]
b
2.13 1.77 2.94
Economic, fuel costs at filling station (excl. taxes) [€2011−ct/kWhfuel]
c
2020d 18.5 16.2 13.4 14.1 5.7 16.0 20.0 7.6
2031d 17.1 16.5 11.3 12.1 6.0 13.0 14.5 8.2
Environmental, GHG emissions (well to tank) [g CO2-Eq/kWhfuel]
e
17 to 18f 766f 69 58 53 45
aB, business as usual; G, gas age; E, e-mobility age. Biogenic electricity costs were not varied because biogenic electricity use is not dominated by cars. bThe used
forest residue wood has a lower heating value of approximately 2.2 kWh/kg and a moisture content of 50%. All efficiencies are net efficiencies; production plant
consumptions were subtracted. No byproducts were considered or used in the process.
cDerived from: biogenic electricity, production costs 11 ct/kWh [11]; electricity mix, production costs 4.1 to 7.5 ct/kWh; transport, marketing, and margin 6 to 13
ct/kWh [12-15]; SNG, production costs 5.6 to 13.3 ct/kWh [16]; CNG, production costs 1.0 to 6.4 ct/kWh; transport, compression, marketing, and margin 1.6 to 3 ct/kWh
[12,17-19]; FT diesel, production costs 6.9 to 11.2 ct/kWh [11,20,21]; diesel, production costs 2.2 to 9.6 ct/kWh; transport, marketing, and margin 1.5 to 2.6 ct/kWh [19,22-24];
dlinear slope of costs between 2020 and 2031; eCalculated using ecoinvent 2.2 database [25] with the following modifications, electricity mix based on [26,27]; SNG and FT
diesel based on [11,16]; fDepending on the number of installed public charging stations. Lower value for scenario E.
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resentation of learning curves from [55] to estimate future
costs of new technologies such as traction batteries and
CNG propulsion systems (c.f. subsection ‘Economic ana-
lysis’ in Additional file 1).
All costs were summed up via the net present value
method [56] to account for the temporal occurrence of
different costs. We chose a discount factor of 6%
throughout the study (c.f. Additional file 1 for discus-
sion). All costs were additionally inflation-adjusted for
the year 2011 to make them comparable. The cost of anTable 3 The technical and economic parameters of the vehicl
Commuter car
Motor Electric Gaseous fuel
2020 scenarioa Eb B, Gc G B, E B
Technical parameters
Mass of glider [kg]d 595
Mass of tank or battery [kg] 143 174 47
Total mass [kg] 823 854 748 749 7
Consumption [kWh/100 km]e 13 14 50.4 56.7 3
Economic, costs (excl. taxes) [€2011]
Gliderf 9,000
Energy storageb,c 6,231 8,354 576 633 1
Total car acquisition 16,231 18,354 13,388 13,606 1
Environmental, car life cycle GHG emissions[t CO2-Eq/car life]
g
6.4 7.0 3.4 3
Technical, economic, and environmental parameters and impacts of the production
propulsion technology for the three scenarios business as usual (B), gas age (G), an
bLi ion battery, energy density 145 Wh/kg based on [28-31]; costs 300 €/kWh based
battery, energy density 125 Wh/kg, costs 383 €/kWh, based on the same sources an
Optimistic assumptions based on [28,36-41]. eElectric car, own calculations based o
cycles as described in Table 5. fCar without propulsion technology, based on car pr
adaptions, including traction battery change. Car operation and fuel production emalternative was then calculated according to the follow-
ing Equations 1 and 2:
TCOi;a ¼
XT
t¼t0
ct  1þ dð Þ− t−t0ð Þ ð1Þ
TCOe;a ¼ TCOi;a−
XT
t¼t0
st  1þ dð Þ− t−t0ð Þ ð2Þ
where TCOi,a is the total costs of ownership, including
taxes, of alternative a [€2011/car]; TCOe,a is the total costses
All-purpose car
Diesel Electric Gaseous fuel Diesel
E, G Eb B, Gc G B, E B E, G
1,060
42 710 868 84 70
57 758 1,870 2,028 1,269 1,270 1,300 1,301
8.7 39.8 17.9 19 57.6 64.8 59.4 61.1
18,700
00 30,824 41,578 720 792 100
2,000 50,254 61,278 23,051 23,167 22,700
.4 20.4 23.7 5.7 5.8
of commuter and all-purpose cars with electric, gaseous fuel, and diesel
d E-mobility age (E) 2020. aB, business as usual; G, gas age; E, e-mobility age;
on own learning curves and [15,32-35], c.f. Additional file 1 for details; cLi ion
d learning curves; dCar without propulsion technology and tank/battery.
n [42-46]. Other cars, based on [47-52], and application to weighted CADC
ices in 2011 and [53]; gCalculated using Ecoinvent 2.2 database with several
issions are not included.
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t is the year of expense; t0 is the year of car acquisition
(2020); T is the year of car scrappage (2032), a mean life
time for German cars of 12 years has been assumed [57];
ct is the sum of costs (expenses) or gains in year t [€2011];
d is the discount rate (6%); and st is the taxes and subsid-
ies in year t [€2011].
Credits like end-of-life traction battery value were con-
sidered as negative expenses in Equation 1; car acquisi-
tion costs were treated as expenses in the year t0.
TCO were then divided by the total passenger kilome-
ters (pkm) covered by car to obtain costs per pkm.
To visualize the importance of the different cost com-
ponents, the resulting costs in the ‘Conclusions’ section
were grouped in car acquisition costs (or depreciation),
fix costs (maintenance and insurance, including traction
battery change costs for electric vehicles), and fuel costs,
c.f. Table 4.
Life cycle analysis: environmental impacts
To assess possible emission reductions, the whole sys-
tem of fuel production and supply, car production, use,
maintenance, and disposal was analyzed. This is often
called ‘well-to-wheel’ analysis for the fuel cycle and ‘car
life cycle’ for the production, maintenance, and disposal
of the car. The method chosen to model material flows
and environmental impacts was a life cycle analysis (LCA),
see, e.g., [58-63]. This study respects most of the ISO
14040–44 standards for LCAs, but as the model is also a
development of LCA, we do not want to limit it by those
standards.
Besides GHG emissions, we analyzed the majority of
available environmental impact categories and included
the most relevant categories caused by passenger cars as
well as the ReCiPe Total score [59] result. Nevertheless,
we give priority to GHG emissions as they are the main
reason for the development of alternative fuels.
When modeling environmental impacts, we included le-
gislative framework conditions as well as emission limita-
tions: The results should nevertheless not be considered
applicable to directives like the Renewable Energy Directive
(2009/28/EC) as we adopt a much broader view, including
car and fuel production and indirect emissions.Table 4 Occurrence and grouping of costs
Considered expenses (ct) Year of occurrence (t) Cost category
Car acquisition 2020 Car acquisition
Maintenance 2020 to 2031 Fix costs
Insurance 2020 to 2031 Fix costs
Traction battery change 2030 Fix costs
Fuel 2020 to 2031 Fuel
Costs are possibly afflicted with the highest uncertainty for the future and are
therefore varied accordingly in the scenarios.Cost-effectiveness analysis: GHG mitigation costs
The economic efficiency in reducing environmental im-
pacts is often called cost-effectiveness analysis (e.g., [64]),
describing for what costs (€/Δtemissions) emission reduc-
tions can be achieved.
Mitigation costs are widely used for comparing the
cost-effectiveness of different GHG reduction options
[65,66]. They are calculated as the cost difference for an
alternative compared to a reference case divided by the
possible emission reduction of this alternative in relation
to the reference case:
cm;a ¼ TCOe;a−TCOe;rer−ea if er−ea > 0 ð3Þ
where cm,a is the mitigation costs of alternative a; TCOe,a
is the total costs of ownership, excluding taxes, of alterna-
tive a [€/pkm]; TCOe,r is the total costs of ownership, ex-
cluding taxes, of reference (diesel car) [€/pkm]; er is the
emissions of reference (diesel car) [t CO2-Eq/pkm]; and ea
is the emissions of alternative a [t CO2-Eq/pkm].
We used a cost difference over emission mitigation plot
since it is a simple method to analyze mitigation costs.
Constant mitigation costs are presented as straight lines
through the origin as done for 100 €/t CO2-Eq, which is
a typical value for GHG mitigation costs for passenger
cars in Germany [67]. Following this approach, the best
alternative is placed at the bottom to the right of the
chart.
The alternatives can also be compared by giving a
monetary value to GHG emission reduction. The best al-
ternative can then be found by applying the following
equation to all alternatives and by sorting them by de-
scending values:
Ka ¼ er−ea−TCOe;a−TCOe;rm if er−ea > 0 ð4Þ
where Ka is the performance variable of alternative a; m
is the valuation of GHG reduction [€/t CO2-Eq]; TCOe,a
is the total costs of ownership, excluding taxes, of alter-
native a [€/pkm]; TCOe,r is the total costs of ownership,
excluding taxes, of reference r (diesel car) [€/pkm]; er is
the emissions of reference (diesel) [t CO2-Eq/pkm]; and
ea is the emissions of alternative a [t CO2-Eq/pkm].
We exemplarily apply Equation 4 with m = 100 €/t
CO2-Eq for GHG emissions as well as with m = 1 €/points
for the ReCiPe Total score results.
Data basis and assumptions
Fuel production from forest residues
The three assessed alternative fuels-biogenic electricity,
SNG, and FT diesel-are produced from forest residues.
The forest residues are supplied via tractor, lorry, and train
at costs at gate of approximately 90 €/t dry matter [2].
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mass power plant. SNG is produced via gasification, CO
shift, and methanation in a 500-MWth,in plant. FT diesel
uses the same gasification technology, followed by FT syn-
thesis. The refinement takes place in a standard refinery
(approximately 1,600 MWth,in). A diesel yield of about
80% of the FT raw products was assumed [68]; the other
fractions were calculated to be used in their respective
sectors with similar GHG reductions as the diesel fraction.
The biogenic fuels were compared to diesel as a refer-
ence fuel. Additionally, the two alternative fossil fuels,
German electricity production mix (adapted to 2020)
and natural gas, were included. No major changes to
2011 were assumed for natural gas and diesel apart from
an increased share of biofuels. For more detailed infor-
mation on fuel production and considerations about
marginal and total electricity mix, refer to [6]. The tech-
nical, economic, and environmental parameters for all
fuels from well to tank are shown in Table 2.German mobility patterns for passenger cars
To obtain representative parameters for techno-economic
modeling of passenger car fuel use, we analyzed the pas-
senger car statistics and driving patterns in Germany.
Car choices were extracted from historic car sales [69].
The classes mini, subcompact, and half of the compact
cars as ‘smaller cars’ make up for roughly 40% of Ger-
man car purchases, as well as the other half of the com-
pact class, middle-sized and upper middle-sized classes
and minivans as ‘bigger cars’b.
For the driving patterns, a comprehensive study con-
ducted by infas and DLR [70] showed that in Germany,
the mean trip length is 15 km, 99% of all trips are shorter
than 140 km (Additional file 1: Figure S3), and the mean
daily driving distance is 50 km (3.4 trips per day on aver-
age). These findings indicate that cars with short ranges of
about 140 km could satisfy the vast majority of German
car users' needs. On the other hand, the same study states
that the 1% of all trips longer than 140 km account for
20% of all kilometers driven by smaller cars and for 32%
of all kilometers driven by bigger cars (Additional file 1:
Figure S3). Five percent of all mobile Germans drive more
than 200 km on an average day. These numbers clearly in-
dicate the need for short-range vehicles, just as much as
for vehicles capable of longer driving ranges. We corre-
lated these driving patterns with the categorization of
‘smaller’ and ‘bigger’ cars.
The car size is also strongly related to the annually
covered distances to a category average of 11,500 km
(smaller cars) and of 15,100 km (bigger cars). Ninety per-
cent of the smaller cars cover between 2,000 to 25,000 km
per year while 90% of the bigger cars cover between 3,000
and 35,000 km.When looking at the reasons for car use, several usage
patterns can be identified. One pattern can be defined as
‘all-purpose car usage’ , meaning that one car is used for
different purposes such as commuting, shopping, holiday
trips, and others. Another important pattern is ‘urban
commuting’ , where the car is nearly exclusively used for
commuting and for urban trips (as in the case of second
cars in some households). We translated these two pat-
terns to the two car categories smaller ‘commuter cars’
and bigger ‘all-purpose cars’.
To compare costs and environmental impacts on a pas-
senger kilometer (pkm) basis, data on the number of pas-
sengers per car (occupancy) is required. There is a positive
correlation of occupancy and trip length (Additional file 1:
Figure S3). While commuter trips and work-related car
uses have the lowest, leisure trips have the highest occu-
pancy rate of 1.90 passengers per car. The overall mean
occupancy rate is 1.48 for commuter cars and 1.70 for all-
purpose cars.
To simulate the driving and measure emissions, driving
cycles with a defined speed profile are used. In Europe,
it is mandatory for car manufacturers to display the
fuel consumption of passenger cars according to the New
European Driving Cycle (NEDC). This cycle consists of
two parts: an urban part with speeds up to 50 km/h and a
highway part with speeds up to 120 km/h. Most of the
European models and well-to-wheel analyses use this driv-
ing cycle because of the readily available information and
the ease of simulation. Unfortunately, the real world con-
sumption and emissions do not correspond well with the
NEDC results [4]. Therefore, several more realistic driving
cycles have been developed. One of the most representa-
tive cycles for European real world driving is probably the
Common ARTEMIS Driving Cycle (CADC) [71]. It con-
sists of an urban part (speed up to 50 km/h), a road part
(up to 110 km/h), and a motorway part (up to 150 km/h).
The accelerations are more realistic and higher speeds are
included. As there are three distinct parts, it is possible to
weigh these parts depending on the car type and driving
patterns.
Based on the information in this section, we chose two
driving patterns, ‘commuter car’ and ‘all-purpose car’, to rep-
resent the use patterns in Germany. Table 5 gives an over-
view of the most relevant parameters for these patterns.Car life cycle
The technical and economic parameters of the vehicles
(as defined in Subsection ‘Total costs of ownership’) are
shown in Table 3. All parameters are based on an exten-
sive literature research and on own models (consumption
model for the electric car, learning curves for battery and
CNG tank costs, environmental model based on Excel,
Umberto and Ecoinvent 2.2) and are shown for the three
Table 5 Driving patterns for the commuter car and for
the all-purpose car
Unit Commuter car All-purpose car
Size Mini-compact
class
Compact
class-minivan
Minimum seats Seats 4 5
Range km 140 400
Percentage, urban-road-
motorway (CADC)
% 50 - 35 - 15 20 - 50 - 30
Minimum top speed km/h 130 160
Yearly driven distance km/year 12,000 18,000
Service life Years 12 12
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age (E).
For the use phase, CO2 emissions of fossil fuels were
calculated with the following emission factors, 3.15 kgCO2/
kgDiesel and 2.63 kgCO2/kgCNG [25]. CO2 emissions from
biogenic fuels are biogenic and were therefore not
counted as GHG emissions. All other exhaust emissions,
including other GHG emissions (CH4, N2O, etc.), were de-
rived from emission measurements [5,72,73]. Emissions
from tire and brake wear were adapted from [25]. As their
contribution to GHG emissions is small, they were not de-
tailed here.
Maintenance for standard parts (tires, oil, and starter
battery) was accounted for, and replacement of the trac-
tion battery for the electric car was taken into account
for the year 2030 as the lifetime of the battery is as-
sumed to be shorter (10 years) than the lifetime of the
car (12 years).biogenic
elec. elec. mix SNG natural gas FT diesel diesel
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Figure 3 Cost difference over GHG mitigation for all fuels compared tEnd of life phase was included with respect to the re-
sidual value (economic and environmental credit) of the
replacement traction battery; the residual value of the
car was assumed to be 0 €. Recycling and landfilling was
modeled according to Ecoinvent 2.2.
Results and discussion
The goal of this study was to assess the technical and
economic efficiency of biogenic electricity, SNG, and FT
diesel in reducing GHG emissions and other environ-
mental impacts. The presented results all assume that
each fuel-car combination replaces a diesel car.
Technical efficiency
The technical efficiency (passenger kilometers (pkm) per
kg biomass) can be calculated via the fuel production
efficiency (Table 2), the fuel consumption of the cars
(Table 3), and the mean occupancy of 1.48 and 1.70 for
the commuter and all-purpose cars.
Biogenic electricity has a technical efficiency of around
5 pkm/kg biomass (50% dry matter) against 1.4 to 1.7
pkm/kg for SNG and 0.9 to 1.3 pkm/kg for FT diesel.
Total costs of ownership
The costs are shown as total costs of ownership without
taxes and subsidies (TCOe,a, c.f. Subsection ‘Cost calcu-
lation’). Figure 3 depicts the costs for the commuter and
all-purpose cars in the three scenarios B, G, and E.
In general, costs for 1 pkm oscillate around 10 ct/pkm.
While costs for the electric commuter car might get
nearly competitive in 2020, electric all-purpose cars will
still be considerably more expensive than their alternativesbiogenic
elec. elec. mix SNG natural gas FT diesel diesel
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FT diesel costs will still be higher than those of the fossil
diesel reference, by roughly 2 ct/pkm. Because of the im-
portance and uncertainty of TCO, sensitivity analyses have
been conducted. They showed that for the commuter car,
already a small variation in cost assumptions may change
whether SNG or FT diesel was cheaper. Other results do
not depend strongly on the input parameters. The most
important results of parameter variation are shown in the
scenario analyses. Therefore, sensitivity analyses are not
presented here.
GHG emissions and other environmental impacts
As described in Subsection ‘Cost-effectiveness analysis: GHG
mitigation costs’, the environmental impacts were limited
to the most relevant categories, with a particular focus on
GHG emissions. The fuel and car life cycle were included
in the calculations. All results in Figure 4 are displayedsamdiesel emissions x2
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Figure 4 Total costs of ownership without taxes for the scenarios B, Gwith mean value and range for all three scenarios as an
improvement in comparison to a diesel car.
FT diesel is found to save the most GHG, followed by
biogenic electricity for the commuter car and SNG for
the all-purpose car. The differences between the com-
muter and the all-purpose car arise mainly from the dif-
ferent weighting of the urban, road, and motorway parts
of the driving cycle (c.f. Table 5), as well as from the
needed battery size for the electric vehicle.
The parts of car production, fuel production, and
distribution as well as the driving (exhaust emissions) of
the GHG emissions are displayed in Table 6 for the
commuter car. This also explains why in this specific case,
natural gas has higher GHG emissions than diesel: the gas
compression at the fuel station consumes electricity with
a high GHG footprint.
For some other important environmental impacts
like terrestrial eutrophicationc, FT diesel is the worstno emissionse as diesel
0% 50% 100%
omparison to diesel car
biogenic elec.
elec. mix
SNG
natural gas
FT diesel
commuter car
-50% 0% 50% 100%
biogenic elec.
elec. mix
SNG
natural gas
FT diesel
all-purpose car
no emissionssame as diesel
Mean value of 
scenarios B, G and E
Range of scenarios 
B, G and E
, and E. In the year 2020 in Germany.
Table 6 GHG emissions for the commuter car during car production, fuel production, and during driving phases
GHG emissions, in g CO2-Eq/pkm Biogenic elec. Elec. mix SNG Natural gas FT diesel Diesel
Car production 32.8 32.8 15.9 15.9 15.7 15.7
Fuel production and distribution 1.6 66.7 25.6 21.4 13.9 11.7
Driving 0.0 0.0 0.4 65.1 1.0 65.8
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due to NOx and particulate matter emissions in the pro-
duction process of SNG and FT diesel as the production
plants are modeled as scale-ups of pilot plants. These
emissions will certainly be reduced by installing emission
control systems in real plants (which will, on the other
hand, slightly reduce the efficiency and increase the
costs and GHG emissions). Detailed studies on emis-
sions from larger SNG and FT diesel plants (around
500 MWth,in) would be interesting.
For other impacts like human toxicityd, the electricity
mix and the electric vehicle production cause signifi-
cantly higher emissions due to lignite burning and bat-
tery production. However, there are high uncertainties in
the toxicity of the battery production phase.
The aggregated ReCiPe Total score shows that bio-
genic electricity seems to be a promising compromise
for commuter cars (keeping in mind the environmental
impacts for the battery production). For all-purpose cars,
SNG has less impact in most categories than FT diesel
with nearly the same GHG reduction potential and
therefore performs best for the ReCiPe Total score.GHG mitigation costs
As stated in Subsection ‘Cost-effectiveness analysis: GHG
mitigation costs’, an easy but accurate way to present miti-
gation costs is a cost difference over emission mitigation
plot. This is depicted in Figure 5 for GHG emissions. All
numeric results are also summed up in the Additional
file 1: Table S1.
For the commuter car, all three biogenic fuels show
similar results with respect to costs and GHG emissions.
It essentially depends on the scenario assumptions which
fuel-car combination has the lowest GHG mitigation
costs, with a slight preference for FT diesel. Electric cars
combined with biogenic electricity show a high cost un-
certainty due to electric car prices and will only have com-
parable GHG mitigation costs in comparison to the other
fuels if electric cars will obtain a high market penetration
in the next years, as assumed in the scenario e-mobility
age (E).
Applying Equation 4 (page 6) with a valuation of GHG
emissions of m = 100 €/t CO2-Eq, FT diesel performs
best in the business as usual (B) scenario, followed by
biogenic electricity in e-mobility age (E) and SNG in the
gas age (G) scenarios. Technically, natural gas performsbest in scenario G, but the possible GHG reduction is
low and it is not a renewable fuel.
For the ReCiPe Total score and m = 1 €/point, FT
diesel in scenario B is the best alternative, followed by
biogenic electricity in scenario E and SNG in scenario G.
This means that the most cost-efficient biogenic fuel
for GHG mitigation and ReCiPe Total mitigation de-
pends on the market penetration of electric and gaseous
fuel cars and on the subsequent learning curves and
technical optimizations of those cars.
For the all-purpose car, regardless of the scenario, nat-
ural gas has the lowest GHG reduction costs (because of
cost savings compared to diesel), even though the possible
GHG reductions are quite small. The next best solution is
SNG in gas age with mitigation costs of 107 €/t CO2-Eq.
The electric all-purpose car is too expensive to be consid-
ered a cost-effective solution for GHG mitigation.
When applying Equation 4 (page 6) with m = 100 €/t
CO2-Eq for GHG emissions, natural gas performs best
followed by SNG (and FT diesel in scenario B), with bio-
genic electricity far behind.
Natural gas also performs best when applying Equation 4
to the ReCiPe Total impact score with m = 1€/point. SNG
is the second best alternative with a much bigger mitiga-
tion potential but at slightly higher mitigation costs.
So for all-purpose cars, cost-effective GHG or ReCiPe
Total mitigation can best be achieved via gaseous fuels.
Natural gas not only saves GHG emissions but is also
cheaper than diesel while SNG offers higher GHG miti-
gation at around 100 €/t CO2-Eq.Comparison with other studies
Regarding SNG and FT diesel from forest residues for
Germany in the year 2020, the obtained parameters
for the comparison of electricity such as total costs of
ownership, consumption, and electricity mix composition
correspond well with numerous similar studies [47,74,75]
despite minor differences in the assumptions. However,
most of those studies do not include different car types
and driving behavior [76] although these greatly influence
the results. We suggest using at least two different mobil-
ity patterns and car types: the smaller commuter car and
the bigger all-purpose car to better reflect specific advan-
tages of each fuel for different car usage patterns. Further-
more, we considered realistic driving cycles for emission
and consumption measurements and a weighting of the
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Figure 5 Environmental impact benefits compared to the diesel car. Mean value and range for the scenarios B, G, and E in the year 2020
in Germany.
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bility pattern.
Uncertainties
Uncertainties in this study arise from the fuel conversion
because most conversion plants were not available in the
required size. Eutrophication potentials for SNG and FT
diesel were high because SNG and FT plants were mod-
eled as a scale-up of pilot plants. Eutrophication could
probably be lowered by installing state-of-the-art emis-
sion control. Detailed LCA studies of commercial SNG
and FT plants are needed to lower uncertainties.Another uncertain parameter is the battery price (c.f.
subsection ‘Economic analysis’ in Additional file 1), and
the production process resulting in a quite high band-
width of costs for the electric car. We considered uncer-
tainties by showing the results for a range of input
parameters in the three scenarios and by performing
sensitivity analyses; nevertheless, the results would bene-
fit from studies on the mentioned uncertain parameters.
Conclusions
When comparing the three fuels from forest residues, we
showed that electric cars fuelled with biogenic electricity
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GHG reduction and for most of the other environmental
impacts. Precondition for this is a fast market penetration
of electric cars in the next years so that economies of
scales (as considered in this study) take effect. For bigger
all-purpose cars, SNG seems very promising with the add-
itional benefits of being on the verge of commercial avail-
ability, and it may be commercially attractive in relatively
small plants, in contrast to FT diesel. If GHG reductions
are valued at less than 100 €/t CO2-Eq, natural gas repre-
sents a very cheap way to reduce GHG emissions in bigger
cars. The development of an infrastructure for natural gas
would also help the market penetration of SNG. Con-
straints to the spread of gaseous fuel cars are customer ac-
ceptance and fears of explosion.
It should be noted that fuels from biogenic residues
will not be able to replace fossil fuels in Germany in
total but can be a viable asset. Potential analyses for
Baden-Württemberg [2] showed that if all forest residues
were used to produce biogenic electricity for commuter
cars, roughly 25% of the fuels needed for commuter cars
could be replaced. This would be significantly less for
SNG (7% to 10%) or FT diesel (6% to 8%) and even less
when including the all-purpose cars. However, in other
regions of the world, the potential is higher [77]. When
extending this study to those regions, car choices, driv-
ing patterns and the electricity mix should be adapted to
local conditions.
We chose to model only the use of forest residues as
energy source for the biogenic fuels. The results can be
transferred to most biogenic residues (like straw) with
minor modifications. This choice was made to avoid land
use conflicts and land use change. In real life and without
political regulations, other types of resources like energy
crops would certainly also be used to produce those fuels.
This would influence the results significantly, especially if
taking into account the GHG emissions caused by land
use change [78-80].
To conclude, it is important to clearly define the main
goals of using biogenic fuels: maximum GHG abate-
ment, GHG abatement at low cost, maximum fossil fuel
replacement, overall environmental performance or main-
tenance of high car ranges via gaseous or liquid fuels. As
shown in this study, the performance of a biogenic fuel
strongly depends on this goal definition, and goals can be
conflicting.
Last but not least, we would like to emphasize that
parameters like occupancy, car sharing, driving style,
and choice of transportation could reduce environ-
mental impacts of individual mobility far more and in
a cheaper way than biogenic fuels. For example, half
the car trips in Germany are shorter than 6 km and
could be replaced at least partially by public transport,
bicycles, and walking.Endnotes
aCosts and technical progress depend on worldwide
car production, not only on German.
bThe compact cars are divided based on driving char-
acteristics. The remaining 20% include sports cars, sport
utility vehicles (SUVs), and bigger vehicles like mobile
homes (Additional file 1: Figure S1 for more details).
cAs well as photochemical oxidation and particulate
matter.
dAnd also ecotoxicity and ozone depletion.
Additional file
Additional file 1: Mobility patterns, economic analysis, and additional
results [81-83]. Figure S1. Vehicle registrations in Germany per month by
car class. Figure S2. Distribution of yearly driven distance by car class in
Germany. Figure S3. Distribution of trip length by car category in Germany.
Figure S4. Relation between trip length and occupancy in Germany.
Figure S5. Speed profile of CADC and NEDC. Figure S6. ReCiPe Total
impact: range for scenarios B, G, and E in 2020. Table S1. GHG emissions
and cost differences to diesel car for all fuel-car combinations in the
year 2020.
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